Boron (B) is an essential plant micronutrient but is toxic at high levels. Elevated soil B is a common feature of soils derived from marine sediments, a feature of the geological history of many cereal-growing regions in Australia. B phytotoxicity also affects soils in North Africa and western Asia. In barley (Hordeum vulgare), yield penalties of up to 17% have been attributed directly to B phytotoxicity (Cartwright et al., 1984) . A number of barley accessions, originally isolated from northern Africa, display striking B tolerance (Nable, 1988) , and incorporation of these B-tolerance traits into elite barley varieties continues to be part of current breeding programs.
A genetic study examining B toxicity tolerance in barley identified four quantitative trait loci (QTL) contributing to B tolerance (Jeffries et al., 1999) . The two strongest QTL were on chromosomes 4H and 6H, and both contribute to a net reduction in B uptake (Jeffries et al., 1999) . Thus, although multiple mechanisms may be involved in the reduction of B accumulation in planta, the actual molecular entities that are encoded by the 4H and 6H QTL are unknown. The mechanism(s) appears to be constitutive, with tolerant plants accumulating less B compared to intolerant varieties, regardless of the external B concentration (Nable, 1988; Hayes and Reid, 2004) . Following from these previous studies, any mechanism leading to a reduced B uptake in both the roots and the leaves would necessarily have to function at the site of B uptake, namely at the plasma membrane (PM) of cells at the root epidermis.
The involvement of an anion transporter responsible for B efflux has recently been predicted (Hayes and Reid, 2004) , although the identity of this protein is unknown. PM-located proteins with both active and passive B-transporting roles have been identified in Arabidopsis (Arabidopsis thaliana; Bor1 [Takano et al., 2002] and NIP5;1 [Takano et al., 2006] ), but no B transporter has been demonstrated to be involved in a B-tolerance mechanism. B also has a capacity to form complexes with a variety of hydroxylated molecules (Power and Woods, 1997) , most notably in the cell wall, where B is involved in complexing molecules of rhamnogalactouranan II via ester linkages to apiosyl residues (O'Neill et al., 2004) . Given the conditions for B-rhamnogalactouranan II complexation exist in the apoplast, other B complexes may also be formed in this region and cannot currently be excluded from an involvement in a B-tolerance mechanism.
Regardless of how B tolerance occurs in planta, it is likely that differences in proteins, either in relative levels or amino acid sequence, will play a key role. Proteins involved in the regulation of membrane-bound transporters, as well as those involved in the synthesis of many low M r , hydroxylated metabolites, reside in the cytoplasm. With this information in mind, we decided to compare the soluble, cytoplasmic proteins isolated from the roots of B-tolerant and B-intolerant plants using a quantitative mass spectrometry (MS) approach.
Following the first descriptions of multidimensional peptide chromatography and MS/MS identification (MudPIT) by Yates and colleagues (Washburn et al., 2001) , this approach has been rapidly adopted in the plant field as an approach to identify hundreds of proteins from a single sample (Zieske, 2006) . A limitation of the current techniques has been the difficulty of performing quantitative comparisons between multiple samples from separate experiments. Recently, a series of isobaric peptide tags (iTRAQ, Applied Biosystems) has allowed the comparative, quantitative analysis of up to four samples in a single MudPIT-style experiment. The chemically identical but isotopically distinct iTRAQ tags are attached to peptides through amine groups prior to pooling samples and analyzing by MS/MS (Fig. 1A) . Due to the identical chemistry of the distinct tags, identical peptides (with MS differentiable tags) will coelute into the mass spectrometer during peptide fractionation. During MS/MS peptide fragmentation, ions derived from the distinct tags are detected, with the relative intensities of the different tags corresponding to the relative abundances of the peptides in the different samples (Fig. 1B) .
In this study, we describe application of iTRAQ technology to the analysis of soluble proteins isolated from hydroponically grown barley plants. Initially, we tested the system by comparing two pools of proteins isolated from the leaves of replicate barley 'Golden Promise' plants. This allowed us to establish that the methodology was robust and sufficiently sensitive to detect small changes (.2.5-fold) in protein abundances between samples. We then used iTRAQ to look for differences in protein abundances between two pools of genetically similar barley plants that are defined by the presence or absence of both the 4H and 6H B-tolerance loci.
Few previous studies have examined the differences in proteins found in different tissues in barley plants. We found little overlap in the proteins identified from the soluble pools of proteins from the roots and leaves of barley plants, ignoring the varietal differences between the two analyses. Unsurprisingly, the soluble protein complement of both tissues was dominated by enzymes involved in metabolic processes in both tissues. Four proteins showed an increase in abundance in the B-tolerant plants. Three of these proteins are involved in production of phytosiderophores, and all four proteins have previously been demonstrated to be increased in expression in response to iron (Fe) Figure 1 . iTRAQ peptide tagging. A, Flow diagram outlining major steps of workflow leading to the comparative analysis of peptide abundances between samples using iTRAQ peptide tagging. In this example, proteins are extracted from two pools of plants and independently digested. Each pool of peptides is labeled with different iTRAQ tags; in this example, black (m/z 114) and white (m/z 115) are used. After tagging, the samples were pooled. Due to the identical chemistry of the tags, identical peptides from different samples cofractionate and are eluted into and analyzed by the MS simultaneously. B, Representative MS/MS spectra of iTRAQ-tagged peptide. MS/MS spectra of iTRAQ-tagged peptide matching to TC14799, NADH-dependent oxidoreductase. y and b ions are labeled. Inset, An expanded view of reporter ion region. This peptide is present in relatively similar abundances in both samples, as evidenced by the similar peak areas of reporter ions m/z 114 (black) and m/z 115 (white). [See online article for color version of this figure. ] Initially, we examined the variation of the iTRAQ system by comparing the abundances of proteins isolated from the leaves of replicate 'Golden Promise' plants. These samples were independently isolated, digested, and labeled with iTRAQ tags mass-to-charge ratio (m/z) 114 and m/z 115. The pools of differentially labeled peptides were combined, fractionated, and analyzed by electrospray ionization (ESI)-MS/MS. A total of 641 peptides were identified after searching the MS/MS spectra against a six-frame translation of the barley gene indices The Institute for Genomic Research (TIGR) database (V9.0). The complete data set is presented in Supplemental Table S1 .
This experiment resulted in the identification of 138 unique proteins, which are listed in Table I . Functional classification of these proteins demonstrated that they were dominated by proteins involved in metabolism (primary and secondary, 58%; Fig. 2B ). Eight proteins directly involved in photosynthetic reactions, large and small subunits of Rubisco, two Rubisco activase isoforms, two (23 and 33 kD) oxygen-evolving PSII proteins, and two plastocyanins (including a blue copper-binding protein) were identified, highlighting photosynthesis as one of the dominant metabolic processes occurring in green tissue. Proteins involved in translation (five elongation factors and five ribosomal proteins) and protein folding (including seven heat shock proteins) also made up 16% of the identifications, indicating that protein synthesis was also a major process occurring in this tissue. A small percentage of proteins (6%) were classified as unknown due to a lack of a predicted function.
The distribution of numbers of peptides defining a family is shown in Supplemental Figure S1 (white bars). Over 75% of the protein matches included at least three peptides with two proteins, phosphoglycerate kinase, and the large subunit of Rubisco, defined by a large number of peptides (20 and 15, respectively; Table I ).
Defining the Variation within the Experimental System
The second aspect of this analysis was the comparison of relative peptide abundances between the two pools of proteins isolated from the replicate plants. iTRAQ ratios were collected for 480 of the 641 peptides (74%). The distribution of these iTRAQ ratios is shown in Figure 2A , with peak area data shown in Supplemental Figure S2 . Over 50% of the peptides displayed a variation between pools of less than 0.25-fold from the median (black box), and 80% of the ratios deviated less than 0.5-fold from the median ( Fig. 2A) . Of the 480 peptides, 19 (3.96%) had ratios that were more than 2.5-fold different between the replicate samples.
Three extreme outliers were apparent in this data set ( Fig. 2A, asterisks) . The two peptides with the largest ratios of 0.53 and 0.41 (indicating an increase in peptide abundance of 3.38 and 2.57, respectively, in one sample) were derived from the small and large subunits of Rubisco, respectively. Both subunits had multiple peptides with average iTRAQ ratios, excluding the outlying values of 0.09 (small subunit, n 5 5) and 0 (large subunit, n 5 14). The peptide with the lowest ratio of 20.77 was derived from Met synthase 1 (METS1); three other peptides from the same protein had an average iTRAQ ratio of 20.21. There were 16 other peptides with ratios between 20.4 and 20.6; in each of these cases, the average ratio of the other peptides that matched to the same proteins deviated by less than 0.2 units from zero (i.e. less than 1.5-fold difference). Based on this information, we decided that peptides with ratios of at least 0.4 units either side of zero (i.e. 2.5-fold difference between samples) would be selected for further examination in the subsequent analysis.
In the B-tolerant barley 'Sahara,' four distinct QTL have been described that are involved in contributing to B tolerance (Jeffries et al., 1999) . Two of these QTL, located on chromosomes 4H and 6H, are both linked to a reduction in B uptake. Reduced B uptake appears to be a constitutive trait, with 'Sahara' plants also accumulating less B at low concentrations of B (Nable et al., 1990) .
The QTL mapping was performed using a doubledhaploid (DH) population, created from parental 'Sahara' and the B-intolerant 'Clipper.' These parental lines are distantly related and display distinct growth habits (Roessner et al., 2006) . Specifically looking at root morphology, which is the site of B uptake, the 'Sahara' plants have distinctly shorter and thicker roots than the elongated, thin roots of the 'Clipper' plants (compare Fig. 3, A and B) .
A comparative analysis specifically examining B tolerance would be compounded by the large varietal variation between 'Clipper' and 'Sahara.' To circumvent this, we have adopted a bulked segregant approach (Michelmore et al., 1991) , exploiting the availability of a population of 150 DH lines created from crossing the B-tolerant landrace 'Sahara 3771' and the intolerant, improved 'Clipper' (Karakousis et al., 2003) .
In this study, we selected two pools of plants from the DH population, each composed of 20 lines. The lines in each pool were chosen on the basis of a presence or absence of both the 4H and 6H tolerance loci. Coincident with this genotypic segregation, these lines also segregated on the basis of leaf B levels after growth in elevated levels of B ( Fig. 3E ; Jefferies, 2000) . In terms of root morphology, these two pools of plants were very similar, with a phenotype intermediate between both the parents (compare Fig. 3 , C and D). Entire root systems from the B-tolerant and B-intolerant pools of DH plants, grown at a nontoxic concentration of B (50 mM), were harvested and homogenized. Due to the aforementioned constitutive nature of the B exclusion trait, plants were grown in a nontoxic concentration of B to minimize identification of B toxicity-responsive proteins in the intolerant plants. After centrifugation of the homogenate, soluble proteins were collected in the supernatant. Both pools of proteins were digested with trypsin, and the resultant peptides were tagged with iTRAQ tags m/z 114 (B intolerant) and m/z 115 (B tolerant). A total of 1,225 peptides were identified during the comparison of the two pools of tolerant and intolerant plants. Reporter ion peak areas were collected for 1,038 of the 1,225 peptides (84%) and are presented as a box plot in Figure 4A , while relative peak area values are shown in Supplemental Figure S3 . The complete set of peptides and their assignments is included in Supplemental Table S2 .
A total of 341 proteins were identified in this experiment (Table II) . The proteins were classified according to predicted function, and these classifications are displayed in Figure 4B . Over one-half (54%) of the proteins were involved in metabolic functions, including 19 proteins involved in complex carbohydrate metabolism. Ten distinct proteasome subunits were also identified. From this data set, 50 distinct proteins (representing 15% of the identifications) were identified as having no known function. The distribution of number of peptides that define a family is shown in Supplemental Figure S1 (black bars). Less than one-half (44%) of the protein families in this experiment were defined by a single peptide that was identified using two distinct search algorithms. At the other extreme, METS1 was defined by 22 peptides, and two proteins, phosphoglycerate mutase and Phe ammonia lyase, were identified on the basis of 17 matching peptides.
Eleven of the 1,038 peptides (1.05%) had iTRAQ ratios of 0.4 (indicating 2.5-fold increase in abundance in the tolerant plants) or greater. Seven of the peptides with increased abundance in the tolerant plants could be assigned to just three proteins: a methylthio-Rib kinase (MTK), Iron Deficiency Sensitive2 (IDS2), and IDS3 (Fig. 4A ). These proteins are all involved in the formation of HMA, a phytosiderophore secreted by barley plants to increase the uptake of Fe (Negishi et al., 2002 ). An eighth peptide was assigned to a D protein. The transcript encoding this protein has previously been identified as increasing in abundance in response to Fe deficiency (Negishi et al., 2002) . The ninth peptide was assigned to a UDP-Glc-6-dehydrogenase, a protein with six other peptides also matching the amino acid sequence. The ratios of the other six peptides were close to 0 (Fig. 4A) . The 10th peptide with elevated abundance in the B-tolerant plants was assigned to a Glu decarboxylase, GAD1 (Glu decarboxylase isozyme1), a protein responsible for the synthesis of g-aminobutyrate. One peptide with a negative iTRAQ ratio of 0.153 (Fig. 4A , asterisk) was derived from an O-methyltransferase (TC146961). This protein was identified on the basis of three peptides in total, one lacking a valid iTRAQ ratio and the other having an iTRAQ ratio of 0.94. Aside from this peptide, there were no other peptides displaying a significant decrease in the B-tolerant plants.
Plant Fe Status and B Uptake
The identification of elevated levels of proteins involved in Fe acquisition in the B-tolerant plants led us to examine if there was a relationship between Fe and B in planta. 'Clipper' and 'Sahara' plants were grown in Fe-deficient conditions, and we examined how B and zinc (Zn) accumulation in the oldest leaf and Fe accumulation in the youngest leaf was affected, using inductively coupled plasma-optical emission spectrometry.
'Sahara' plants accumulated slightly more Fe than 'Clipper' plants in both Fe-replete and Fe-depleted conditions (Fig. 5A) . In 'Clipper,' Fe deficiency resulted in accumulation of similar amounts of B initially, although after 110 h, less B accumulated in the Fedeficient plants (Fig. 5B) . The opposite effect was observed in 'Sahara' plants. Compared to Fe-replete plants, Fe-deficient 'Sahara' plants accumulated significantly more B, with the difference apparent after 48 h (Fig. 5C ). Fe deficiency also had a significant effect on the rate of Zn accumulating in the oldest leaves in both cultivars compared to the Fe-replete plants (Fig. 5D ).
Siderophore Analysis
Siderophores were collected from the root secretions of 'Clipper' and 'Sahara' plants grown in low Fe conditions, which are known to result in elevated siderophore production (Negishi et al., 2002) . Both cultivars produced deoxymugineic acid and mugineic acid (MA; Mori and Nishizawa, 1987; Fig. 6 ). In addition to these two compounds, 'Sahara' plants produced HMA (Fig. 6) . Currently, we cannot determine if the HMA species produced in the 'Sahara' plants is the 3-hydroxy (HMA) or the 3-epi-hydroxy (eHMA) isomer.
DISCUSSION iTRAQ and Two-Dimensional Liquid Chromatography MS/MS Analysis of Soluble Proteins Isolated from Barley
In this study, we established a comparative proteomic approach that allowed us to compare the abundances of 479 proteins from the roots and leaves of barley plants. A total of 138 of these proteins was identified from leaf tissue and 341 were identified from root tissues.
The analysis of proteins isolated from leaves of replicate 'Golden Promise' plants demonstrated that the iTRAQ approach is sufficiently sensitive to detect differences of 2.5-fold or greater between the samples under comparison. With this information in hand, protein abundances were then compared between two pools of barley plants differing in their B tolerance. Peptides with the greatest relative abundance in the B-tolerant plants, coincident with elevated abundances of greater than 2.5-fold in the tolerant plants, were all derived from proteins that had previously been demonstrated to be involved in an Fe deficiency response, with two of these proteins, IDS2 and IDS3, specifically involved in the formation of the phytosiderophore HMA. The iTRAQ approach used in this study represents a robust and accurate method of comparing protein abundances between proteins isolated from plants of differing genotypes or variable treatments. This method compares favorably with other proteomic approaches, notably two-dimensional (2D)-PAGE, particularly in relation to the quantitative aspect of the iTRAQ analysis. In terms of the functions of the proteins identified in this study, strong similarities exist in data sets from other cereals, namely wheat (Triticum aestivum) and rice (Oryza sativa; Koller et al., 2002; Donnelly et al., 2005; Nozu et al., 2006) . Enzymes involved in biosynthetic metabolic pathways dominated the identifications, while 10 distinct components of the proteasome were also identified in the root protein complement.
In monocotyledonous crop species, proteomic studies have focused on rice for a range of reasons, one of which is the availability of a complete genome . MS analysis of siderophores collected from the root secretions of 'Sahara' and 'Clipper' plants. 'Sahara' (A) and 'Clipper' (B) plants were grown in Fe-deficient conditions. Secretions were collected after 10 d of growth in Fe-deficient conditions. All siderophores were identified as singly charged species in the positive ion mode. Samples were purified by fractionation using cation-exchange resin, dried, and resuspended in methanol/1% formic acid (v/v) and infused directly into the MS. We cannot discount the possibility of other coextracted compounds potentially suppressing the siderophore signals in either sample. As such, relative signal intensities between extracts were not considered.
sequence (Goff et al., 2002; Rossignol et al., 2006) . The ever-increasing size of EST and genomic sequence databases for other cereal species is rapidly creating a situation where proteomic analyses in other graminaceous crop plants are feasible. In this study, we searched MS/MS spectra exclusively against the EST assemblies in the TIGR barley gene index (V9.0). Of the 479 barley proteins matched against this database, only 86 (18%) matched barley proteins in the National Center for Biotechnology Information (NCBI) NCBInr protein database. Sixty percent of the 479 proteins matched to rice orthologs in the NCBInr protein database, highlighting the usefulness of EST-derived databases for proteomic studies (Tables I and II) in cereals that lack a completely sequenced genome.
Notably, there were fewer large differences (.2.5-fold) between peptides identified in the bulked segregant analysis (1.05%) compared to the analysis of peptides from the leaves of 'Golden Promise' plants (3.96%). This was despite a fractionally larger spread across the majority of iTRAQ ratios in the bulked segregant analysis, as evidenced by comparison of the width of boxes and error bars in Figures 2A and 4A . It appears that using a bulked segregant approach, in combination with a proteomic comparison, may represent a fruitful avenue to investigate the nature of novel QTL in barley as well as other cereals.
Previous studies comparing the protein profiles of root and leaf tissues have identified variable overlaps in the percentages of shared proteins. In a recent 2D-PAGE analysis of rice tissues, Nozu et al. (2006) identified similar numbers of protein identifications to that described in this study but found a 22% overlap in the identity of proteins found in root and leaf tissue. An earlier study, while identifying more proteins using a combination of 2D-PAGE and MudPIT approaches, found a 5% match between root and leaf proteins (Koller et al., 2002) . The 2% overlap in protein expression described in this study is in approximate agreement with the latter study.
Contrasting with this relatively low overlap at the level of protein abundance, metabolite profiles of different tissues have a much higher degree of similarity (Roessner et al., 2006) . Disregarding the small differences in metabolite abundances between varieties, comparison of the metabolite profiles of both 'Clipper' and 'Sahara' root and leaf tissues shows a high degree of overlap. Of the 68 metabolites identified and measured in roots of each cultivar, 63 were also present in leaves, representing an over 90% overlap in metabolite production between tissues (Roessner et al., 2006) . This comparison reinforces the notion of tissue-specific expression of enzymes responsible for production of the same metabolite.
It is of note that a recently described tissue-specific barley transcript database reports over 12,000 expressed genes in both root and leaf tissues (Druka et al., 2006) . It would be interesting to correlate the overlap in transcript and protein levels between these two tissues, particularly given the potential of this type of analysis to provide insights into posttranslational regulation of protein expression.
Proteins Involved in Siderophore Production Pathway Elevated in B-Tolerant Plants
Along with the identification of elevated levels of IDS2 and IDS3, we also identified a number of enzymes mediating upstream steps in the Yang cycle (Negishi et al., 2002) . This pathway produces nicotianamine, the precursor of HMA. Levels of MTK were also elevated in the tolerant plants. Other proteins involved in the Yang cycle, namely METS1, IDI2, adenosyl phoshoribosyl transferase, and SAM sythetase did not notably differ in abundance between tolerant and intolerant plants. METS is notable because of the large number of identified peptides matching to this protein (Table II) , indicating that this protein may be relatively abundant in the roots of barley plants. This is despite the product of this enzyme, Met, occurring at relatively low steady-state levels in the roots of barley plants (Ma et al., 1995) .
A recent gas chromatography-MS-based analysis compared the abundances of metabolites isolated from the roots and leaves of 'Clipper' and 'Sahara' (Roessner et al., 2006) . The precursor metabolites for siderophore production that were measured in this study, Met and Asp, as well as g-aminobutyrate, were found to be present in comparable amounts in both the roots and leaves of each genotype. Despite these steady-state similarities, however, it is quite possible that the fluxes of metabolites passing through these pathways may differ significantly between cultivars. It may also be interesting to examine the levels of SAM and nicotiamine in the two cultivars, as these metabolites are the immediate precursors for siderophore production.
The chromosomal locations of ids2 and ids3 genes have been identified; ids2 maps to the long arm of chromosome 7H, while ids3 maps to the long arm of chromosome 4H (Nakanishi et al., 2000) . Both appear to be single copy genes (Nakanishi et al., 2000) . The chromosomal locations of genes encoding MTK and the D protein are currently unknown. Nonetheless, it is more probable that the genetic difference underpinning the elevated abundance of these proteins is a regulatory factor that coordinately controls the abundances of these proteins, perhaps functioning as a transcription factor. It is noteworthy that the transcripts of the significantly elevated proteins in this study have all previously been identified as being Fe inducible in barley roots (Negishi et al., 2002 and refs. therein) . The genes encoding these proteins all share the same Fe Deficiency Response Element1 (IDE1)-like upstream elements (Kobayashi et al., 2003 (Kobayashi et al., , 2005 . Any candidate transcription factor may share some similarities to the recently identified IDE1-recognizing, Feregulated transcription factor IRO2 (Ogo et al., 2006) . Significantly, however, IDE1-type sequences are also present upstream of proteins that were not elevated in the B-tolerant plants, specifically SAM sythetase and IDI2.
Plant Fe Status and B Uptake
To begin to differentiate if the increased abundance of siderophore-producing enzymes in the B-tolerant plants was merely associated with the B tolerance loci rather than being responsible for the tolerance trait per se, we examined the effects of Fe availability on B uptake. Fe-deficient 'Sahara' plants accumulated more B than the Fe-replete plants, highlighting a potential breakdown of the B-tolerance mechanism in this situation. The effect was observed immediately upon removal of Fe from the growing medium. In contrast, Fe deficiency had no effect on the rate of B accumulation in 'Clipper' plants initially, although over time (.110 h), the rate of B accumulation decreased. This situation is reminiscent of studies showing similar increases in B accumulation during Zn deficiency in barley (Graham et al., 1987) .
The increased rate of leaf Zn accumulation supported the notion that Fe deficiency resulted in an increase in siderophore production, supporting the recent demonstration of the involvement of MA-related compounds in the uptake of Zn (von Wiren et al., 1996; Suzuki et al., 2006) . Notably, high B alone had no effect on leaf Zn levels (Fig. 5) . Although graminaceous monocots primarily employ a siderophore-dependent Fe acquisition strategy (Mori, 1999) , it is also possible that Fe deficiency results in increased uptake of Zn through nonspecific Fe(II) transporters, possibly similar to OsIRT1 (Bughio et al., 2002) , which may be upregulated in Fe-deficient conditions.
Modeling an Interaction between HMA and B
The proteomics-based identification of elevated levels of IDS2 and IDS3 in the B-tolerant plants led us to consider any possible interactions between B, siderophores (particularly HMA or eHMA), and Fe. As an initial step, we used molecular modeling based on the available crystallographic data from a Cu(II) complex of MA (Nomoto et al., 1981) to determine the feasibility of any interaction between B, Fe, and HMA or eHMA. This analysis suggested that Fe(III) HMA, which has the carboxylate group and the hydroxyl group on the same side of the four-membered ring (a cis arrangement), is more likely to be able to bind a B center than the Fe(III) eHMA.
The recent identification of B complexation with vibrioferrin, a bacterial siderophore (Amin et al., 2007) , provides support for the notion of B-siderophore interactions occurring in extracellular environments. A key difference between the B-vibrioferrin interaction and the B-HMA interaction proposed here, however, is the dependence upon complexed Fe(III) in the HMA model. In conditions where Fe is available, an Fe(III) HMA-B interaction may result in a decreased B influx, analogous to the mechanism of aluminum-malate chelation described in wheat (Delhaize et al., 1993) . Localized, high concentrations of Fe(III) HMA adjacent to the site of B movement across the PM may be sufficient to partially decrease the rate of B accumulation in planta. Further work will be needed to test this proteomicsdriven hypothesis, and we intend to explore this model in the future.
The enzyme responsible for the production of HMA, via the hydroxylation of MA at C3, has not yet been described. Although the hydroxylation reactions catalyzed by IDS2 (producing eHMA) and IDS3 are similar and each protein contains the requisite residues for Fe 21 and 2-oxoglutarate binding (Fig. 7) , each protein catalyzes addition of hydroxyl groups to distinct carbon residues. Despite this catalytic selectivity, the two proteins are 55% identical at the amino acid level (Fig.  7) . It is highly likely that IDS2 and the protein responsible for the production of HMA, tentatively named IDS2b, share an even greater level of amino acid identity. It is therefore feasible that the peptides identified as matching to IDS2 may indeed be derived from regions of identity within the uncharacterized IDS2b protein.
CONCLUSION
We are currently working toward verifying any interaction between B, Fe, and HMA. We are also in the process of defining which tolerance locus (4H or 6H) may be responsible for this trait, although we believe it is more likely that HMA production may be linked to the weaker 6H tolerance locus. This postulate is based on the proposal of Hayes and Reid (2004) that the major tolerance locus may encode a protein responsible for B efflux. To this end, we intend to compare the PM protein profiles from the bulked segregants analyzed in this study using the iTRAQ approach we described.
In conclusion, we have described a robust and reliable new comparative proteomic methodology. This approach has wide-ranging applications, particularly in the field of cereal functional genomics. Protein abundance data collected using this method will be able to be interpreted in conjunction with the increasingly large metabolomic and transcriptomic data sets continuing to appear in the literature.
MATERIALS AND METHODS
All chemicals were purchased from Sigma-Aldrich unless otherwise specified.
Plant Growth
Barley (Hordeum vulgare) seeds ('Golden Promise,' 'Clipper,' and 'Sahara' and selected lines from the 'Clipper' 3 'Sahara' DH population, selected as described in ''Results''; Jeffries et al., 1999) were surface sterilized with 70% (v/v) ethanol and 0.5% (v/v) sodium hypochlorite prior to imbibing for 16 h in distilled water with aeration. Seeds were then transferred to moist filter paper and grown until coleoptiles were approximately 30 mm in length. Seedlings were then suspended over 15 L of hydroponic growth solution (36 plants per container) composed of 5 mM NH 4 NO 3 , 5 mM KNO 3 , 2 mM Ca(NO 3 ) 2 , 2 mM MgSO 4 , 0.1 mM KH 2 PO 4 , 0.5 mM Na 2 SiO 3 , 50 mM NaFe(III) EDTA, 5 mM MnCl 2 , 10 mM ZnSO 4 , 0.5 mM CuSO 4 , 0.1 mM Na 2 MoO 3 , and 50 mM H 3 BO 3 . The solution was gently aerated and changed after 1 week initially and every 3 d subsequently. Plants were grown in a growth chamber using a 13°C, 10-h dark period and an 18°C, 14-h light period (180 mmol m 22 s 21 photon intensity).
For B tissue accumulation experiments, plants were grown as described, except for the Fe-deficient plants, which were grown in solutions lacking NaFe(III) EDTA. After seedling establishment for 1 week, all 'Clipper' plants were transferred to solutions containing 1 mM H 3 BO 3 , while 'Sahara' plants were transferred to solutions containing 5 mM H 3 BO 3 . Oldest and youngest leaves were harvested at indicated time points, dried, and elemental composition was determined using inductively coupled plasma optical emission spectrometry as described in Roessner et al. (2006) . Earlier studies had determined that the rate of B accumulation in the oldest leaf in 'Clipper' plants grown in 1 mM B was similar to that of 'Sahara' plants grown in 5 mM B (Fig. 2 from Roessner et al., 2006) . Using this information, the effect of Fe nutritional status on the rate of B accumulation in each cultivar was followed over similar time frames by growing each cultivar in different levels of B: 1 mM for 'Clipper' and 5 mM for 'Sahara' (Fig. 5 ). In the experiments described here, the rate of B accumulation in the 'Clipper' plants grown at 1 mM B was approximately double that of 'Sahara' plants grown in 5 mM B in Fe-replete conditions. Initial experiments also indicated that elevated levels of B (1 mM for 'Clipper,' and 5 mM for 'Sahara') had no effect on Fe accumulation in the youngest leaves of either cultivar (data not shown).
Protein Isolation
After 2 weeks of growth, roots and leaves were harvested 3 h after the beginning of the light period. Tissues were weighed and suspended in 2 volumes of chilled homogenization buffer containing 50 mM phosphate buffer, pH 7.5, 20 mM KCl, 0.5 M Suc, 10 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 10 mM EDTA, and 10 mM EGTA. Tissues were homogenized with a curved, hand-held blade, filtered through a 50-mm nylon mesh, and centrifuged at 6,000g for 10 min. The supernatant from this step was centrifuged at 100,000g for 1 h. The final supernatant was concentrated by precipitation with two volumes of 220°C equilibrated 10% (w/v) TCA in acetone for 16 h at 220°C. The resulting pellet was washed twice with 220°C equilibrated 90% (v/v) acetone before resuspension in 0.5 M triethylammonium bicarbonate, pH 8.5, containing 0.1% SDS. The protein concentration was determined at this stage using a 2D Quant kit (GE Healthcare).
Protein Digestion and iTRAQ Labeling
Protein (100 mg) was reduced by addition of 5 mM tris-(2-carboxyethyl) phosphine and incubation at 60°C for 1 h. Cys residues were then blocked by incubation with 90 mM methyl methanethiosulfonate (MMTS) for 10 min at room temperature. CaCl 2 (1 mM) was then added, and proteins were digested with modified trypsin (4 mg, sequencing grade, porcine, Promega) for 16 h at room temperature in a final volume of 40 mL. iTRAQ tags (Applied Biosystems) were resuspended in ethanol, and digestion was stopped by addition of iTRAQ tag/ethanol solution to a final concentration of 70% (v/v) ethanol. iTRAQ labeling was allowed to proceed for 1 h at room temperature. Labeled peptide mixtures were then pooled for chromatography.
Peptide Chromatography
iTRAQ-labeled peptide mixtures were dried under a stream of N 2 and resuspended in 100 mL of 25 mM ammonium formate, pH 3.5, containing 5% acetonitrile (buffer A). Peptides were fractionated as described in Wagner et al. (2003) with some modifications. Samples were injected onto a strong-cation exchange (SCX) column (polysulfoethyl A 200 3 4.6 mm, 5 mM, 300Á) using an Agilent HPLC with an automatic fraction collector. Peptides were eluted with a gradient from 100% buffer A to 100% 0.5 M ammonium formate, pH 3.5, containing 25% acetonitrile over 30 min with a flow rate of 0.7 mL min 21 . Generally, 60 fractions (350 mL each) were collected. These fractions were dried under vacuum and stored at 220°C.
Individual SCX fractions were resuspended in 0.1% formic acid (60 mL) and loaded onto a 300-mm 3 5-mm C18 precolumn. After washing the precolumn with 0.1% formic acid, peptides were eluted from the precolumn onto an in-line C18 column (75 mm i.d. 3 15 cm, 3 mm/100 Å Vydac) and fractionated using a gradient of 0% to 70% (v/v) acetonitrile in 0.1% formic acid over 60 min, using a flow rate of 0.25 mL min 21 . This column eluted directly into a QSTAR XL hybrid quadropole-time of flight instrument (Applied Biosystems/MDS Sciex) using a nanospray source.
MS
The mass spectrometer was operated in the positive ion mode, ion source voltage of 1,750 V, using 10-mm uncoated SilicaTips (New Objectives). Data were collected using AnalystQS software in a data-dependent acquisition mode for the three most intense ions fulfilling the following criteria: m/z between 450 and 2,000; ion intensity .40 counts; and charge state between 2 1 and 4
1 . After MS/MS analysis, these ions were dynamically excluded for 20 s, using a mass tolerance of 250 ppm. MS scans were accumulated for 0.5 s, and MS/MS scans were accumulated for 2 s. A mass and charge state-dependent rolling collision energy was used and was 20% to 30% greater than was used for an iTRAQ-unlabeled peptide. The MS was calibrated daily with [Glu]-fibrinopeptide B.
MS/MS Spectra Interrogation
Peak lists from individual data files were created using the MASCOT.dll script in AnalystQS 1.1 and interrogated using MASCOT (Matrix Science, Perkins et al., 1999) and X!Tandem (Robertson and Beavis, 2004) . In both cases, the spectra were searched against a six-frame translation of the Barley V9.0 Gene Index (TIGR, released September 15, 2004 cleavage, allowing one missed cleavage, fixed modifications of iTRAQ tags on N terminus, and Lys residues and MMTS and variable modification of iTRAQ on Tyr residues. The X!Tandem parameters were fragment mass error 0.2 D, parent mass tolerance 6100 ppm, minimum peak 15, maximum peak of 500, complete modification of N terminus with iTRAQ and MMTS on Cys, and potential modifications were iTRAQ on Lys and Tyr, with a maximum of one missed cleavage. We used an in-house Linux script that collated the MASCOT, X!Tandem, and i-Tracker outputs (see below) from all data files representing an entire series of SCX fractions into a single file. Peptides were only reported if they had a MASCOT score greater than 37 (P , 0.05). Peptides that lacked a C-terminal Lys or Arg residue were rejected. The X!Tandem output was formatted into a single column, showing whether the MASCOT-identified peptide was identified by X!Tandem. When multiple spectra from the SCX dataset were matched to the same peptide, only the match with the highest MASCOT score was reported.
Based on preliminary work comparing MS/MS search algorithm outputs against manually checked MS/MS spectra (n 5 400), we found that automatic acceptance of protein matches based on one peptide can result in a high proportion of false positives. As such, we adopted a conservative approach to protein identification in this study. Accessions were accepted using a twotiered criteria. If three or more peptides (identified solely by MASCOT, score .37) matched to a single accession, the identification was automatically accepted. Using a three-peptide-matches criteria, reverse database searching gave a false positive rate of ,1%. Accessions containing one or two peptides were then accepted if at least one peptide was also matched using X!Tandem (peptide accepted by two independently developed algorithms). Only peptides matched by the two algorithms were reported.
Peptide Grouping
Accessions were manually grouped into protein families, or groups of accessions that shared peptides. All peptides within a protein family are unique to that family. This feature of multiple accessions matching to groups of peptides is exacerbated in cereal genomes, where polyploidy results in large families of genes with very similar sequences.
To generate protein identifications from the accession matches, the nucleotide sequence of each matched accession was searched against the NCBInr protein database (BLASTX), using the default parameters. BLAST searches were performed between April and August, 2006.
iTRAQ Ratio Determinations
The tagged peptides were then pooled and fractionated using a SCX column, followed by C 18 reversed-phase HPLC, directly interfaced via an ESI source to the MS. Due to the identical chemical nature of the iTRAQ tags, identical peptides from the differentially labeled samples cofractionate and enter the MS and are analyzed simultaneously. During MS/MS analysis of peptides, the reporter ions, derived from the isotopically distinct iTRAQ tags, are released from the differentially tagged peptides. The relative abundance of the reporter ions is representative of the relative abundance of the peptides in the starting mixtures.
iTRAQ tags attach to secondary amine groups, such that in the case of trypsin-derived peptides, tags are attached to both N-and C-terminal ends of each peptide. This increases the amount of energy required to fragment the peptide to generate amino acid information but also improves the quality of the MS/MS spectra, such that more y-and b-ions are observed (Fig. 1B) .
iTRAQ ratios were generated using the open source software i-Tracker (Shadforth et al., 2005) . We used a reporter ion peak intensity threshold of 10, rejecting ratios with an associated error of greater than 4. We also rejected ratios derived from reporter ions which, after summing the relative peak areas for the tags employed in that experiment, contributed to less than 80% to the total area of all four reporter ion peaks (m/z 114-m/z 117). Ratios were then normalized around 1 by multiplication of all ratios by the average value of the ratios. Normalized ratios were finally log transformed to generate a normally distributed set of data.
Siderophore Purification and Analysis
Siderophores were collected as described by Takagi et al. (1984) . Plants were removed from the hydroponic growing solution, and roots were placed in gently aerated distilled water. Root secretions were collected over 3 h. This solution was concentrated 10-fold using rotary evaporation. The concentrated root secretions were fractionated on an Amberlite IR120 cation exchange resin, washed with water, and siderophores were then eluted from the resin with 1 M NH 4 OH. The eluate was dried under vacuum and resuspended in 50% methanol and 0.1% formic acid. ESI-MS analysis was performed in the positive ion mode, with samples directly infused into the QSTAR XL hybrid quadropole-time of flight instrument. The MS/MS fragmentation profile of the siderophores shared features with the collision-induced dissociation profiles of MA described by Kenny and Nomato (1994;  data not shown).
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Supplemental Table S1 . Complete list of peptides identified from barley 'Golden Promise' leaf tissue.
Supplemental Table S2 . Complete list of peptides identified from barley root tissue (B-tolerant and B-intolerant 'Clipper' 3 'Sahara' DH lines).
